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Fiber-supported catalysts have attracted much attention due to their large specific surface area, high
catalytic activity, and good recyclability. Functional polyacrylonitrile fibers were prepared by immersion
of polyacrylonitrile fibers at room temperature in an alkaline dopamine (pH = 8.5) aqueous solution
which can undergo self-polymerization and reduce silver ions to silver nanoparticles with mild
reducibility and adsorption. The surface of the polyacrylonitrile fiber (PAN) was wrapped with a layer of
polydopamine (PDA), and silver nanoparticles (Ag NPs) were adsorbed on the surface of PDA, forming an
efficient fiber catalyst. The morphology and chemical composition of the catalyst material were
characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD) patterns, and Fourier
transform infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS). The catalytic activity of the
nanocomposite was evaluated for the reduction reaction of 4-nitrophenol using sodium borohydride
(NaBH,) at 35 °C with a material molar ratio of 1: 10 and a fiber loaded catalysis dosage of 40 mg. The
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the composite material exhibited a good stability up to 10 cycles without a significant loss of its catalytic
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Introduction

Silver nanocatalysts have low price, antibacterial activity and
very stable physical and chemical properties, so they are widely
used in optics,™* catalysis,** antibacterial”® and other fields.>*°
Many methods have been reported to synthesize silver nano-
materials, such as the gas condensation method," localized
surface plasmon resonance,”” mechanical grinding," irradia-
tion™ and the microwave method,* but these methods gener-
ally require harsh conditions, low pressure inert gas or
specialized equipment. The chemical reduction method'® has
been widely used due to the advantages of simple experimental
conditions, low cost, and easy control. Commonly used
reducing agents in chemical reduction methods are sodium
borohydride, formaldehyde, etc., and silver nitrate is used as the
silver source."”

Polydopamine (PDA) is a bio-macromolecule formed by
polymerization of phenolic compounds, which not only has
strong adhesiveness to various surfaces, but also has high
adsorption ability to metal ions.*® In addition, PDA can be used
as a mild reducing agent to reduce Ag" on different matrices. It
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maintained good stability and catalytic activity after many cycles.

is also found that the O-and N-atoms in PDA can chelate with Ag
nanoparticles (AgNPs) to improve their durability. The PDA
coatings have great potential in smart materials,** biomedical
field** and carrier of catalysis.?

Polyacrylonitrile (PAN) fibers have low-cost, large surface
areas, close structure, high mechanical strength, good acid
resistance and oxidation resistance, widely used in industry and
our daily life. Besides, PAN fibers are abundant of nitrile groups
which can be easily converted into other groups®?** like
carboxyl, amide, amidoxime, etc. Furthermore, it can be
employed as polymer fiber-carriers extracted from the reaction
system by simple filtration or woven into fabrics served in
continuous flow of fluid.*® Herein, the PAN fiber catalyst loaded
with Ag nanoparticles was prepared by reducing the silver ions
to silver nanoparticles on the fiber surface by using the adhesive
and reductive properties of polydopamine.

Experimental
Materials and methods

PAN fibers were obtained from Jilin Chemical Fiber Factory.
Dilute sulfuric acid (H,SO,), absolute ethanol (C,Hs;OH),
dopamine hydrochloride, Tris-HCl buffer, AgNO; (analytically
pure), p-nitrophenol were purchased from Beijing Chemical
Plant and used without further purification. Sodium borohy-
dride (NaBH,) were obtained from Adamas Reagent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fiber morphologies were observed using a scanning electron
microscopy (SEM, JEOL JSM-7500F) under an accelerating
voltage of 5 kV. The chemical structure of the fibers was
analyzed using Fourier transform infrared (FT-IR, PerkinElmer)
spectroscopy. The precise Ag loading of functionalized fibers
was tested by Inductively Coupled Plasma Mass Spectrometry
(Agilent ICPOES730). The thermal stability of fibers was inves-
tigated by thermogravimetric analysis (TG, NSK Ltd.) under
nitrogen atmosphere, and the heating rate was controlled as
10 °C min~ . The X-ray powder diffraction (XRD) profiles of the
fibers were studied via a X-ray diffractometer (Oxford) in the
range of 10 and 90° using a Vantec-1 position sensitive detector
and the step size was set as 0.01°. Chemical composition anal-
ysis of samples was evaluated by an X-ray photoelectron spec-
trometer (XPS, Thermo Fisher 250Xi). The reaction was analyzed
by high-performance liquid chromatography (Shimadzu, LC-
20AT) and UV-vis spectrophotometry (TU-1810) at wavelengths
of 250 to 500 nm.

Preparation of functional fibers

Polyacrylonitrile fibers functionalized with silver nanoparticles
via polydopamine (PDA) was prepared according to ref. 26. The
original PAN fibers were firstly soaked in sulfuric acid (30 wt%)
under ultrasonic treatment for half an hour, which was then
heated at 110 °C for 2 h for sulfonation. To remove the residual
reactants, the modified fibers were rinsed with distilled water.
After vacuum drying at 70 °C for 4 h, the fibers were collected
and named as sulfonated PAN (PAN-S) fibers. Dopamine
hydrochloride aqueous solution of pH 8.5 is prepared by adding
Tris-HCI (1 L) into 1 g dopamine hydrochloride aqueous solu-
tion. Polydopamine functionalized PAN (PAN-S-PDA) was ob-
tained through immersion of the PAN-S into the dopamine
solution for 12 h at 30 °C, followed by rinsing with water. AgNPs
deposition was achieved through a simple immersion of PAN-
PDAiIn1gL ' (2gL ", 3gL ™", 4gL™") AgNO; aqueous solu-
tion for 12 h at 30 °C. The morphology and structure of poly-
acrylonitrile fibers with a load of 1.6% were characterized by
SEM, Fourier infrared spectroscopy, Ultraviolet visible absorp-
tion spectroscopy, X-ray diffraction and thermal gravity.

Catalytic reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol (4-NP) was carried out
at 35 °C in a round-bottom flask containing 0.139 g (1 mmol) of
4-nitrophenol, 0.378 g (10 mmol) of NaBH, and 40 mg of PAN-
PDA-Ag mixed. 4-NP was added to the reaction bottle containing
NaBH, and the initial pale yellow color changed to colorless as
the reaction progressed due to the formation of 4-aminophenol
(4-AP). The reaction progress was monitored by liquid
chromatography.

Results and discussion
Morphological characterization of PAN-S-PDA-Ag fibers

Fig. 1(a—f) shows the morphological changes of polyacrylonitrile
fibers before and after modification. It can be seen from the
figure that the surface of the original fiber is smooth, the
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structure is dense and uniform, and the longitudinal grooves
are very shallow. In order to improve the hydrophilicity of the
fiber, the polyacrylonitrile fiber is sulfonated with dilute
sulfuric acid. The surface structure is destroyed and the surface
morphology becomes rough. To make dopamine stick firmly to
the PAN fibers, the PAN fibers were calcined in an oven at 200 °C
until the fibers turned from white to orange. After pre-oxidation,
the longitudinal grooves were deepened and the surface
morphology rougher. There is a sort of thin and dense dopa-
mine coating, which can self-polymerize into polydopamine
and reduce silver ion into nanoparticles adhered to the surface
of the PAN fibers. PDA was wrapped on the surface of PAN to
form a core-shell like functionalized fiber (Fig. S1t), and the
amount of PDA on PAN fiber increased with the increase of PDA
concentration, which played an important role in the subse-
quent silver loading and catalytic performance (Table S17).
Silver nanoparticles with a diameter of about 100 nm can be
uniformly distributed without obvious agglomeration.

Structural characterization of PAN-S-PAD-Ag fibers

Fig. 2 shows the FT-IR spectra of polyacrylonitrile fibers before
and after modification. There is a strong absorption peak at
2238 cm !, which is the stretching vibration of -C=N.
2926 cm™ ' is the stretching vibration of the methylene group.
The C=0 stretching bond frequency of the ester carbonyl group
of the second monomer is absorbed at 1733 cm ™. Strong C=0
asymmetric stretching bonding frequencies can be observed at
1500 cm™ ', overlapping with N-H deformation and C-N
stretching vibrations. The results showed that the degradation
during acid treatment and pre-oxidation resulted in the
formation of unsaturated C=C double bonds, and no signifi-
cant changes were detected after dopamine-functionalized
loading of silver nanoparticles.

To find the ideal pre-oxidation temperature, the thermal
degradation behavior of the fibers under air atmosphere was
evaluated using thermogravimetric analysis (TG). As can be seen
from Fig. 3 and Table 1, the main degradation is between 250 °C
and 480 °C. To avoid severe degradation, pre-oxidation
temperature below 250 °C should be selected. In this experi-
ment, 200 °C was chosen as the pre-oxidation temperature. It is
worth mentioning that the residual weight of PAN-S (44%) at

Fig. 1 The SEM images of (a) PAN (b) PAN-H,SO,4 (c) PAN-S fiber (d)
PAN-S-PDA fiber, the insert is the surface of PAN-S-PDA fiber (e) PAN-
S-PDA-A(g fiber (f) the local amplification of PAN-S-PDA-Ag fiber.
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Fig. 2 The FTIR spectra of (a) PAN (b) PAN-H,SO, (c) PAN-S (d) PAN-
S-PDA-Ag.
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Fig. 3 Thermal gravimetry analysis of PAN, PAN-H,SO,4, PAN-S, PAN-
S-PDA, PAN-S-PDA-Ag fibers.

700 °C is much higher than that of untreated PAN (35%) at
700 °C, indicating that pretreatment can lead to structural
changes and enhancing the thermal stability. Therefore, the
preprocessing strategy facilitates functionalization.

The composition and phase structure of the synthetic
product were analyzed by XRD. Fig. 4 depicts the XRD pattern of
PAN and silver nanoparticles modified fibers. The sample used
for XRD analysis was a silver nanoparticle with an average
particle size of 100 nm. Because the high molecular strands in
PAN are concentrated closely, a certain crystalline region is
formed. The molecular arrangement in the crystalline region
makes it difficult for other small molecules to enter the crys-
talline region, so there is a distinct peak at 26 = 17°. The 26
angle shows a wide diffuse reflection region between 17 ~ 30°
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Fig. 4 XRD pattern of (a) PAN, (b) PAN-S, (c) PAN-S-PDA, (d) PAN-S-
PDA-Ag, (e) Ag NPs.
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Fig. 5 (a) X-ray photoelectron spectroscopy of full spectrum of PAN-
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Fig. 6 Reaction of sodium borohydride reduction of nitrophenol.

OH

because of the disordered phase in the structure. In addition,
there are four distinct peaks in the figure at 38.6°, 44.9°, 64.8°
and 77.8°. These four peaks agree well to the (111), (200), (220)
and (311) crystalline surfaces of the face-to-face cubic phase of
Ag (Fig. 4d and 4e). It can be judged that silver nanoparticles
were prepared successfully.

Table 1 Thermal gravimetric analysis of PAN, PAN-H,SO,4, PAN-S, PAN-S-PDA, PAN- S-PDA-Ag fibers

Quality loss process indicators (°C )

Temperature of initial

Maximum decomposition

Termination decomposition Residual mass

Sample decomposition rate temperature temperature at 700 °C (%)
PAN 312 336 445 35
PAN-H,S0O4 280 430 480 33
PAN-S 280 430 452 44
PAN-S-PDA 280 392 458 41
PAN-S-PDA-Ag 250 415 462 57
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Table 2 Reaction activity of sodium borohydride reduced 4-NP catalyzed by fibers with different nano-silver loads

Silver load M4-Np ¢ MNaBHA Amount of cat. (mg) Solvent T (°C) ¢t (min) Yield (%)
0.32% 1:10 40 H,0 35 24 min 97
0.68% 1:10 40 H,O 35 17 min 97
1.57% 1:10 40 H,0 35 16 min 97
2.20% 1:10 40 H,O 35 19 min 98
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Fig. 7 Liquid phase yield diagram of the reaction at different
temperatures () 20 °C;(@) 30 °C; (A) 35°C;(¥) 40 °C; (#) 50 °C.
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Fig. 8 UV-Vis absorption spectrum of raw material 4-NP, 4-AP
standard sample and reaction system after 30 minutes.
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Fig. 9 Reuse of fibers.

The Fig. 5a shows the XPS full spectrum of PAN-S-PDA and
PAN-S-PDA-Ag. It can be seen that the fibers without Ag NPs are
composed of C, N, and O elements, whose characteristic peaks

© 2022 The Author(s). Published by the Royal Society of Chemistry

located at 248.4 eV, 399.4 eV and 531.9 eV, respectively. The
fiber loaded with Ag NPs has an additional Ag peak at 367.9 eV,
indicating that the silver nanoparticles were successfully loaded
on the dopamine-modified polyacrylonitrile fiber. Fig. 5b
exhibits the XPS narrow spectrum of Ag3d, which can be well
fitted into peaks at 367.9 eV (Ag3ds),), and 373.9 eV (Ag3ds),).
Silver was confirmed to be attached to functional fibers in
a zero-valence form.

Study on catalytic performance of PAN-S-PDA-Ag

Functional polyacrylonitrile fiber with different amount of silver
loading was obtained by adjusting the concentration of AgNO;.
The functional fibers were used to catalyze the reduction reac-
tion of 4-nitrophenol (4-NP), see Fig. 6. The reactant 4-NP (1
mmol), reducing agent sodium borohydride 0.378 g (10 mmol)
and catalyst 40 mg PAN-PDA-Ag were used and reacted at 35 °C.
Upon adding 4-NP to the reaction bottle containing NaBH,, the
solution becomes yellow-green. When the 4-NP is fully con-
verted to the product 4-aminophenol (4-AP), the solution
becomes colorless, and the progress of the reaction is moni-
tored by liquid chromatography. When the silver loading
increased from 0.32% to 0.68%, the reaction time decreased
from 24 minutes to 17 minutes, with the reaction yield more
than 97% (Table 2). The concentration of silver nitrite further
increased, the loading of silver rose but the catalytic efficiency
of 4-nitrophenol was not increased obviously. So the fiber with
a load of 0.68% was selected to characterize its morphology and
structure, as well as do the recycle fiber catalyst for reaction.

The effects of temperature and fiber dosage on 4-NP reduc-
tion were investigated. As can be seen in Fig. 7, the reaction
takes 40 minutes to complete at 20 °C, but at 50 °C it takes only
eight minutes to get 97% yield, so it is found that at 20 ~ 50 °C,
the faster the catalytic reaction proceeds as the temperature
rises. In addition, no obvious change was detected when the
amount of PAN-S-PDA-Ag was less than 15 mg. As the amount of
fiber was between 30 mg and 40 mg, the liquid-phase yield of
the reaction could reach 99% within 1 h (Table S27).

In order to clarify the mechanism of functionalized fiber
catalysis, the control experiments of four different catalyst
compositions were conducted (Table S37). It is found that the
reduction of p-nitrophenol (4-NP) to p-aminophenol (4-AP) can
be catalyzed within 30 minutes when Ag and NaBH, are working
together as catalyst, neither Ag nor NaBH, can work when using
as catalyst alone. Based on the above experimental data and
theoretical analysis, it is confirmed that the role of poly-
acrylonitrile (PAN) in functionalized fibers acts as a carrier. It is
convenient to recycle after the reaction of the catalytic system.

RSC Adv, 2022, 12, 25906-25911 | 25909
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The role of PDA acts not only as a bridge for loading silver
nanoparticles onto polyacrylonitrile fibers, but also as
a reducing agent for reducing silver ions to silver. The catalytic
mechanism of p-nitrophenol catalyzed by poly-acrylonitrile
fibers loaded with nano-silver is proposed: the silver nano-
particles can adsorb NaBH, and 4-NP molecules, and the elec-
trons are transferred rapidly from BH, to 4-NP via the surface of
the silver nanoparticles during the reaction. The rapid transfer
of electrons can increase the potential difference and further
promote the transfer of electrons from BH, to 4-NP, thus
making the functional fibers have superior catalytic properties.

Fig. 8 shows UV-Vis absorption spectra of raw material 4-NP,
4-AP standard sample and reaction system after 30 minutes.
The 4-NP standard has an absorption maximum at 400 nm, and
the 4-AP standard has an absorption maximum at 303 nm. After
30 minutes of reaction system, a peak appeared at 300 nm, and
the peak at 400 nm almost disappeared, indicating that 4-
nitrophenol catalyzed by PAN-S-PDA-Ag was almost completely
reduced to 4-AP. The PAN-S-PDA-Ag showed good stability for up
to 10 cycles after ethanol washing without significant loss of
catalytic activity (Fig. 9 and Table S4t1). The SEM images
(Fig. S2t) show lots of silver nanoparticles are still uniformly
attached to the surface of the fiber catalysts after ten times of
use. So the functionalized catalysts still maintain high catalytic
performance.

Conclusions

Using polydopamine as adhesive and reducing agent, the nano-
silver catalyst loaded polyacrylonitrile fiber was successfully
prepared by simple impregnation method. The catalyst can
reduce 4-NP at 35 °C with high catalytic activity and be easily
regenerated. PAN-S-PDA-Ag catalyst could reuse 10 times after
ethanol washing, and the catalytic activity has not decreased
significantly. The high catalytic activity and outstanding recov-
erability of PAN-S-PDA-Ag provide a more environmentally
friendly, safe and economical choice for reducing nitrophenol
compounds, which is expected to a big contribution to envi-
ronmental protection.
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